In a continuing study, seventeen samples of berries representing varieties and cultivars of nine Vaccinium species collected from Idaho, Washington, and Wyoming were analyzed for their content of resveratrol, pterostilbene and piceatannol. These naturally occurring stilbenes have been reported to have potential cancer chemopreventive and strong antioxidant activities. Analysis by GC/MS showed contents of 0.26-4.67 and 0.12-2.74 µg/g lyophilized berry for resveratrol and pterostilbene, respectively. Piceatannol was found in only three of the species studied at levels of 0.25-0.61 µg/g lyophilized berries. Enzymatic hydrolysis of the extracts using β-D-glucosidase increased resveratrol levels up to 63-fold, suggesting and demonstrating for the first time, that resveratrol also occurs as a glycoside in Vaccinium berries.
INTRODUCTION
Resveratrol ( Fig. 1 ) has been the subject of numerous studies having been linked to low incidence of fatal coronary heart disease among populations drinking wine moderately (Hegsted and Ausman, 1988; Renaud and De Lorgeril, 1992) . It has also been shown to possess cancer chemopreventive property, demonstrated in assays representing three stages of carcinogenesis (Jang et al., 1997) . The biological and pharmacological activities of resveratrol are thought to be due to strong antioxidant property, which has been investigated extensively (Arichi et al., 1980; Fauconneau et al., 1997; Stivala et al., 2001; Teguo et al., 1998) . Recently, it was found that pterostilbene ( Fig. 1) , a naturally occurring analogue of resveratrol, has cancer chemopreventive activity similar to that of resveratrol in a mouse mammary gland culture assay (Rimando et al., 2002) . Pterostilbene was also shown to have antioxidant activity similar to that of resveratrol (Rimando et al., 2002; Stivala et al., 2001) . Piceatannol ( Fig. 1 ) is another naturally occurring resveratrol analogue that has been reported to have cancer chemopreventive as well, and stronger antioxidant activity than resveratrol (Hung et al., 2001; Lee et al., 1998) . Additionally, resveratrol was metabolized by cytochrome P450 enzyme CYP1B1 to piceatannol, reportedly known as an antileukemic agent (Potter et al., 2002) .
Pterostilbene and piceatannol are both found in grapes. The reported activities of these analogues, which are similar to or greater than those of resveratrol, generated interest to investigate the presence of these compounds, as well as resveratrol, in other berries. The Vaccinium berries are of particular interest as fruits in this genus are one of the widely consumed small fruits. Blueberries recently have been drawing much attention due to their brain function enhancing activity (Joseph, 2002; Youdim et al., 2000) . Results on the analysis of these three stilbenes in Vaccinium berries are presented.
MATERIALS AND METHODS

Vaccinium Berries
Berries were collected in 2001 (group I) and 2002 (group II) from specific collection sites on specific dates (Table 1) . Berries of domestic cultivars were frozen immediately after collection and stored at -40°C until transport on ice to the University of Idaho at Moscow, Idaho, where the fruits were freeze dried. Samples of V. uliginosum 138 were stored on ice following collection and treated as described above. Freeze-dried samples were sent to Mississippi and stored in a cold room at 4°C until extraction.
Three cultivars of V. corymbosum (highbush blueberry) were harvested from research field plots at the University of Idaho Sandpoint Research and Extension Center. These were (1) 'Bluecrop,' pedigree: GM-37 (Jersey x Pioneer) x CU-5 (Stanley x June); (2) 'Bluejay,' pedrigree: 'Berkeley' x Michigan highbush sel. 241 (Pioneer x Taylor); and (3) 'Jersey,' pedigree: Rubel x Grover. Three cultivars of V. corymbosum x V. angustifolium (half-highbush blueberry) were also collected from this site. These were (1) 'Northblue,' pedigree: (G65 x Ashworth) x U53; (2) 'Northcountry,' pedigree: (G65 x Ashworth) x R2P4; and (3) 'Northsky,' pedigree: (G65 x Ashworth) x R2P4. Two wild genotypes of V. uliginosum were harvested from two separate, naturally occurring stands in Fremont County, Wyoming.
Extraction of Group I Berries
Berries were extracted using an ASE  apparatus (Dionex Corp., Sunnyvale, CA). Five grams of lyophilized berry mixed with 25 g purified sand (Catalog no. S23-3; Fisher Scientific, Pittsburgh, PA) was loaded in the extraction cartridge. Extraction method was set at: heat 5 min, static 10 min, flush volume 100 mL, purge 90 sec, pressure 1000 psi, temperature 40°C, extraction solvent methanol:acetone:water:acetic acid (40:40:20:0.1), four cycles. Extract was concentrated under vacuum using a rotary evaporator to remove the organic solvents. The resulting aqueous solution was extracted 3 times with 5 mL of ethyl acetate. The combined ethyl acetate extract was evaporated to dryness in a rotavap.
Extraction of Group II Berries
Lyophilized berries (20 g) were homogenized in 50 mL of extraction solvent (methanol:water:formic acid, 80:20:0.1) in a blender (Waring blender model 31BL91; Waring Products Division, Dynamics Corp., New Hartford, CT). The homogenate was transferred to a beaker. The blender was rinsed with 5 mL of the solvent and added to the homogenate in the beaker, which was then placed in an oven at 60°C for 30 min. The sample was allowed to cool to room temperature and vacuum filtered. The residue was washed with 20 mL of extraction solvent, and the combined filtrates (extracts) were concentrated under vacuum in a rotavap to remove methanol. The resulting aqueous solution was divided into two parts of equal volumes.
The first portion was extracted 3 times with 15 mL of ethyl acetate and the combined extracts evaporated to dryness in a rotavap. The pH of the other portion was adjusted to 6 using 0.1M NaOH and then subjected to enzymatic hydrolysis by incubating with 18 mg of β-D-glucosidase (Catalog no. G0395-5KU; 4.0 units/mg; Sigma-Aldrich, Inc., St. Louis, MO) at 37°C for 18 h. After incubation, this solution was extracted with ethyl acetate as was done with the first portion.
Analysis of Resveratrol and Analogues
To 1 mg of ethyl acetate extract in a GC vial 100 µL of derivatizing reagent [bis(trimethylsilyl)trifluoroacetamide:dimethyl formamide:methanol, 3.5:1:0.5] was added. The vial was capped and heated at 70°C in a heating block for 1 h. After cooling to room temperature, the sample was analyzed by gas chromatography/mass spectrometry (GC/MS) on a JEOL (JEOL USA, Inc., Peabody, MA) GCMate II system. The GC temperature program was: initial 150°C, increased to 260°C at a rate of 25°C/min, increased to 270°C at a rate of 1°C/min, increased to 320°C at a rate of 60°C/min, and held at this temperature for 2 min. The GC capillary column used was ZB-50 (0.25 mm i.d., 0.25 mm film thickness, 30 m length; Phenomenex, Torrance, CA). The carrier gas was ultra high purity helium (nexAir, Batesville, MS), 1 mL/min flow rate. The inlet (splitless), GC interface and ion chamber temperatures were 250, 250 and 200°C, respectively. The volume of sample injected was 2 µL.
Resveratrol, piceatannol and pterostilbene (retention times 8 min 41 sec, 9 min 29 sec and 10 min 8 sec, respectively) were analyzed in a selected ion monitoring mode.
Resveratrol was monitored for m/z 444 (and 429, 371, 355 as qualifier ions). Piceatannol was monitored for m/z 532 (and 517, 444, 429 as qualifier ions). Pterostilbene was monitored for m/z 328 (and 313, 297, 281 as qualifier ions). Quantitation was done using external standards of commercial samples of resveratrol (Catalog no. R-5010; SigmaAldrich, Inc., St. Louis, MO) and piceatannol (Catalog no. 527948; CalbiochemNovabiochem Corp., San Diego, CA), and a synthetic sample of pterostilbene (see Rimando et al., 2002 for method of synthesis).
RESULTS AND DISCUSSION
Varying amounts of resveratrol, piceatannol and pterostilbene were found in Vaccinium sp. randomly collected from the states of Idaho, Washington and Wyoming (Table 2 ). The highest resveratrol content (4.668 µg/g) was found in V. ovatum collected in 2001 from Webb Hill Rd, Olympic National Forest, Mason County, WA. In a study of three grapevine berry varieties, resveratrol was shown to be absent in variety 'Pinot Noir' uninfected with Botrytis bunch rot (Botrytis cinerea), and only low levels were found in varieties 'Gamay' and 'Chardonnay' (5.7 and 6.7 µg/g fresh weight of skins, respectively; Adrian et al. . It is possible that these factors also affect levels of resveratrol in Vaccinium sp. and may account for the variability of resveratrol content of the samples in this study.
In this study, piceatannol was found in four samples in group I berries in small quantities (Table 2) . Piceatannol was not detected in any berry collected in 2002. Pterostilbene was found in relatively high quantities, as high as 1-2 µg/g lyophilized berry (Tables 2 and 3 ). In grapes, these levels of pterostilbene are found only in fungus-infected berries (Adrian et al., 2000) . Piceatannol and pterostilbene are generally found in very minute quantities and may be completely absent in grapes. The 3-O-β-glycoside of piceatannol (astringin) has been reported in wine (Ribeiro de Lima et al., 1999 ) but pterostilbene, glycosylated or not, has not been found in wine.
Between the two groups, Group I samples (those collected in 2001) appear to have higher contents of the stilbenes. This may be due to difference in extraction. Group I berries were extracted in an automated machine under pressurized condition and a slightly elevated (40°C) temperature conditions, which improve extraction efficiency. With group II samples it was decided to investigate if resveratrol occurs as a glycoside in the berries; thus, milder extraction conditions were used. Results showed that after treatment of the extracts with β-D-glucosidase, resveratrol content increased up to 63 times that found in extract not treated with the enzyme (V. membranaceum, Table 3 ). Data obtained indicate that resveratrol, as in grapes, also occurs as a glycoside (piceid) in Vaccinium berries. This is significant because it has been shown that resveratrol is absorbed in the small intestines in the form of a glucuronide conjugate (Kuhnle et al., 2000) . Furthermore, piceid has been shown to also exhibit antioxidant activity (Mérillon et al., 1997) .
CONCLUSION
The highest level of resveratrol found in this study (4.67 µg/g lyophilized berry) is comparable to some reported values found in grapes. Pterostilbene levels (0.12-2.74 µg/g lyophilized berry) are relatively higher than those reported in grapevine berries. Piceatannol was detected in only three species (V. membranaceum, V. ovalifolium and V. ovatum), at levels of 0.25-0.61 µg/g lyophilized berry. Enzymatic hydrolysis of samples collected in 2002 yielded an increase in resveratrol content indicating that it is also present in glycosidic form in Vaccinium berries. This is the first report of sequestration of resveratrol as a glucoside in Vaccinium berries. The different amounts of stilbenes in Vaccinium berries could produce varying levels of antioxidant activity and provide cancer chemoprevention, further adding to health benefits derived from consumption of cis -and trans-piceid, and cis-and trans-resveratrol) 
